reported on a mini-open technique from a direct lateral transpsoas approach for the treatment of pathologies affecting the midlumbar spine, in which they used electrophysiological monitoring to avoid nerve damage in the placement of structural interbody fusion cages. This approach was based on Pimenta's work (Pimenta L, paper presented at the Brazilian Spine Society Meeting, 2001), who in 2001 presented his preliminary results with this technique. Ozgur and colleagues called the approach "extreme lateral interbody fusion." Their technique, which involves triggered electromyographic nerve monitoring and a table-mounted split-blade retractor system, has become the procedure commonly used for lateral access to the midlumbar spine, providing access to the levels between T-4 and L-5. Although initial results were very promising, longer-term results and the overall safety profile of this technique must still be evaluated.
The aim of this study was to describe the functional and radiological impact of ELIF in a DDD population with a longer follow-up and to assess the durability of this procedure.
Methods

Patient Population
Using the prospectively maintained clinical database of the hospital, including the Epic, Eclipsys, and PACS systems, we performed an institutional review board-approved retrospective cohort study. From this database, we obtained the demographic and perioperative data for all patients with degenerative lumbar disorders who had undergone ELIF performed by two different surgeons at a single center between 2007 and 2011. Trauma and tumor cases were excluded. Age, sex, body mass index (BMI), smoking status, history of diabetes, steroid medication use, history of previous lumbar spine surgeries, and indication for surgery were recorded. Operative reports for each case were reviewed to extract data on the number and levels of vertebrae treated surgically, presence and type of additional instrumentation, timing of instrumentation placement in relation to ELIF (same vs different day), diameter and height of interbody cage, and occurrence of CSF leakage. Length of hospital stay was determined by reviewing patient discharge documents.
Operative Procedure
The procedure has been described in great detail elsewhere. 15, 40 In brief, patients under general anesthesia were positioned laterally, and fluoroscopy was brought in for localization. A small incision was made on the flank overlying the target level. Sharp and blunt dissections were used to cut through the abdominal muscles and into the retroperitoneal space. Intraoperative neurophysiological monitoring was performed throughout the procedure to keep the surgeon in the safe region and to avoid the possible risks of lumbar plexus or nerve root injury. The psoas muscle was gently penetrated with a blunt dilator.
The lateral disc area was identified and exposed using the NuVasive MaXcess minimally invasive retractor. Discectomy was performed, and a NuVasive polyetheretherketone (PEEK) cage filled with silicated calcium phosphate (Actifuse, Apatech, Baxter) was placed into the discectomy defect. For anterior instrumentation cases, a DePuy Synthes anterior tension band system with 4 bone screws was placed. For posterior instrumentation cases, open or percutaneous, uni-or bilateral pedicle screw instrumentation was placed, and posterolateral fusion was performed. In selected cases an additional laminectomy was performed. Intraoperative spinal navigation (Brain-LAB) based on intraoperative 3D images was frequently used to implant the posterior instrumentation.
Radiological Evaluation
Radiological parameters were measured on preoperative, immediate postoperative, and most recent follow-up images. Computed tomography scans, radiographs, or MR images (first, second, and third priority, respectively) were used for radiological measurements, depending on each patient's available imaging studies. To measure the coronal Cobb angle, the superior and inferior end vertebrae of the surgical region were determined and the angle between the cephalad endplate of the top vertebra and the caudal endplate of the bottom vertebra was measured. Lumbar sagittal lordosis was measured between the cephalad endplate of L-1 and the cephalad endplate of the sacrum (Fig.  1A and B) . Foraminal heights were measured on both the right and left side. When using CT scans and MR images, we attempted to select the best cut on each side, showing the highest foraminal height with a completely sharp bone border (Fig. 1C) . Disc heights were measured on lateral views by determining the mean value of the anterior and posterior disc heights for each level (Fig. 1D) . To specifically evaluate the impact of ELIF on alignment, pelvic incidence (PI) was measured in scoliotic patients, that is, those who by definition had a preoperative coronal Cobb angle ≥ 10°. Lateral lumbar spine radiographs at each time point were used to measure the PI, the angle between a line drawn perpendicular from the middle point of the sacral plate and a line drawn from the same point to an average point between the centers of the two femoral heads. Pelvic incidence-lumbar lordosis (PI-LL) mismatch was then calculated in this subgroup of patients. We specifically performed this analysis because previous multicenter prospective studies have shown a strong correlation between PI-LL mismatch and outcome in patients with spinal deformity. 48 ,51,52 A PI-LL mismatch ≥ 11° has been associated with a significantly higher level of disability. 48 An independent radiologist (J.T.) evaluated bony fusion on CT scans or flexion and extension lateral radiographs. Fusion on CT scans was determined through the detection of bridging bone on a minimum of 2 contiguous sections and in at least 2 of 3 planes (axial, sagittal, or coronal). 11 Fusion on flexion and extension radiographs was determined when less than 4° of angular motion was observed.
9,33 For positive bony fusion, the absence of a dark halo surrounding the implant or instrumentation fracture was required. 37, 46 Fusion rate was assessed in 73% of the levels (109 levels) with a minimum follow-up of 1 year. J Neurosurg: Spine / Volume 20 / June 2014
Clinical Outcome Evaluation
We compared preoperative and most recent followup values for the Oswestry Disability Index (ODI) 16 and visual analog scale (VAS) scores for back, buttock, and leg pain (on both sides for the latter two). The minimum clinically important difference (MCID) was defined as a 12-point or more change in the ODI 7, 19, 22 and a 3-point or more change in the VAS score. 17, 18, 22 The Macnab criteria were used to evaluate functional outcome. 35 For each patient, the postoperative inpatient notes, first follow-up office notes, as well as the most recent office visit notes were reviewed to determine the neurological symptoms and signs. In the event of neurological symptoms and signs in a patient, the last preoperative office note was also reviewed for comparison. Only new thigh numbness and motor weakness were recorded as complications on the grounds that these symptoms had been present in a number of patients prior to surgery as a result of their specific pathology and thus could not have been attributed to the surgical procedure.
Statistical Analysis
Statistical analysis was performed to evaluate the impact of ELIF on each radiological parameter immediately postoperatively and at the latest follow-up. Continuous variables are shown as the means ± standard deviation from the means. For continuous variables with repeated measurements, differences were assessed using the paired t-test. Correlations between continuous variables were examined using scatter diagrams and the Pearson correlation coefficient. For categorical variables, percentages were calculated. All analyses were performed using appropriate statistical software (SPSS version 18.0.0.1, SPSS Inc.).
Results
Patient Demographics
Ninety patients, consisting of 55 females and 35 males, with a mean age of 64 years (range 38-88 years) at the time of surgery were included in the study cohort ( Table 1 ). The mean BMI was 27.6 kg/m 2 . The main indications for surgery were DDD (35.6%), spondylolisthesis (26.7%), and degenerative scoliosis (24.4%). There was a positive history for smoking, diabetes, and steroid medication use in 10%, 14.4%, and 6.7% of the patients, respectively. A history of spine surgery was present at the index level(s) in 26.7% of the patients.
Surgical Details
Among 145 spine levels, L4-5 (40.7%) was the level most commonly treated, followed by L3-4 (27.6%) and L2-3 (22.1%; Table 2 ). Single-level surgery was performed in 57.8% of the patients, whereas 2-, 3-, and 4-level surgeries were performed in 18.9%, 15.6%, and 7.8%, respectively. Additional posterior instrumentation consisting of pedicle screws and rods was placed in the majority of cases (76.6%). Lateral plates were used in 12 patients (13.3%), and the remaining 9 patients (10%) re- ceived stand-alone cages. For patients with posterior instrumentation, unilateral screws were used to reinforce the constructs in 34 patients (49.3%), and 35 patients (50.7%) had bilateral screws. Additional laminectomy was performed in 29 patients (32.2%). Among the 145 levels, 18-mm-diameter cages were implanted in 82 levels (56.6%), and 22-mm-diameter cages were used in the other 63 levels (43.4%). Implanted cage heights varied from 8 to 14 mm. The most frequently used cage height was 10 mm (49.6% of the levels), followed by 8 mm (21.4%) and 12 mm (15.9%). There was no relationship between cage size and vertebral level treated. However, the cage height correlated with the preoperative disc height (p = 0.005, r = 0.297), as well as with the immediate postoperative and latest follow-up disc height (p < 0.001, r = 0.393; p < 0.001, r = 0.380, respectively). However, cage height did not correlate with subsidence at the latest follow-up.
The mean hospital stay was 4.5 days (range 1-31 days), and 34.1% of the patients were discharged on their 1st postoperative day.
Radiological Outcome
The mean follow-up duration for radiological outcome was 12.6 months (range 3.1-50.4 months). The images used for radiological measurements were CT scans for 109 levels (75%), MR images for 3 levels (2%), and radiographs for 33 levels (23%).
The mean coronal Cobb angle decreased by 13.5° ± 10.6° (p < 0.0001) postoperatively and by 13.1° ± 11° (p < 0.0001) at the latest follow-up, compared with the preoperative value (Table 3 ). The median increase in lumbar sagittal lordosis was 5.3° postoperatively (range -32° to 42°, p < 0.0001) and 2.9° at the latest follow-up (range -29° to 41°, p = 0.014; Fig. 2 ). Comparison between preoperative and immediate postoperative mean foraminal height showed a 4 ± 8.56 mm increase (p < 0.0001). At the latest follow-up foraminal height remained increased by 2 ± 2.5 mm (p < 0.0001). The preoperative mean disc height increased by 3.3 ± 2.0 mm immediately postoperatively (p < 0.0001). Given subsidence of 0.97 ± 1.20 mm at the latest follow-up, the average increase in disc height was 2.4 ± 2.2 mm at the latest follow-up, which showed that the disc height was still significantly higher than the preoperative value (p < 0.0001; Fig. 3 ).
Radiological Subgroup Analyses
Deformity Cases' PI and PI-LL Mismatch. Twenty patients had had a preoperative coronal Cobb angle ≥ 10°. The mean preoperative PI in these scoliotic patients was 50.5° ± 9°, which changed to 51.8° ± 10.7° immediately postoperatively (p = 0.435) and to 50.8° ± 12.5° at the latest follow-up (p = 0.497). The average preoperative PI-LL mismatch was 14.1° ± 12.5°, which decreased to 9.6° ± 15.3° immediately postoperatively (p = 0.256) and to 13.5° ± 13.7° at the latest follow-up (p = 0.860). Thus, there was no statistically significant improvement in PI and PI-LL mismatch either immediately postoperatively or at the latest follow-up.
Deformity Versus Nondeformity Degenerative Cases.
We performed a subgroup analysis to compare outcome in the deformity cases (20 cases with preoperative coronal Cobb angle ≥ 10°) with that in the nonscoliotic degenerative cases (Table 4) . Unsurprisingly, improvement in the coronal Cobb angle was significantly higher in the deformity group; however, there were no other statistically significant differences in any other outcome parameters, either radiographic or clinical, between the two groups.
One-Level Versus Two-Level Degenerative Cases.
Similarly, a subgroup analysis was performed to compare the outcome of 1-level versus 2-level degeneration cases (Table 5) . No statistically significant differences were found between these two groups in any of the radiographic or clinical parameters.
Stand-Alone Cage Versus Circumferential Fusion.
Subgroup analysis was performed to compare the outcome of stand-alone versus circumferential fusion cases (Table 6 ). There were no statistically significant differences between the two groups in any radiological or clinical parameters, except for the latest follow-up coronal Cobb angle, which was significantly higher in circumferential fusion cases than in the stand-alone cases, suggesting that coronal alignment correction would be more effectively maintained over time with posterior instrumentation. Foraminal height and disc height subsidence (immediate postoperative to the latest follow-up decrease of the mentioned parameters) were not statistically different between the two groups (Figs. 4 and 5). To determine if the observed subsidence would have a clinical impact, additional statistical tests were performed; we assessed the correlation between foraminal height subsidence and radicular pain on each side, as well as the average disc height subsidence and radicular pain. Interestingly, no correlations were found between subsidence and the development of recurrent radicular pain.
Stand-Alone Versus Unilateral Instrumented Versus
Bilateral Posterior Pedicle Screw Fixation Cases. To assess the impact of instrumentation type on outcome, we compared foraminal and disc height subsidence as well as clinical outcome among the 3 groups of stand-alone, unilaterally instrumented, and bilateral posterior pedicle screw fixation cases (Table 7) . Statistical analysis showed no significant differences in any of the parameters among the 3 groups. Given the notable dissimilarity of the 3 groups in terms of sample size, additional specific statistical tests were performed to assess the presence of statis- In 109 of 145 spine levels, the fusion rate was 89% at an average follow-up of 15.7 ± 10.1 months. The current study was based on ELIF cases treated by two different surgeons, one who evaluated fusion using CT scans and the other who did so only via follow-up radiographs; therefore, fusion could not be evaluated for the 25% of the levels with follow-up imaging other than CT. To partially make up for this lack of data, we performed a subgroup analysis in which we reported the clinical outcome for the nonevaluated levels (Table 8) .
In summary, all 4 radiographic parameters, including coronal Cobb angle, lumbar sagittal lordosis, foraminal height, and disc height, showed significant improvement in all patients immediately after surgery and at the latest follow-up compared with preoperative values (Table 3) . However, in the scoliotic group of patients, comparisons of PI and PI-LL mismatch at the 3 time points showed no statistically significant differences.
Clinical Outcome
The mean follow-up for clinical outcome in 70 evaluable patients was 17.6 ± 12.4 months (range 6.9-53.4 months). The average preoperative ODI was 50% ± 17.5%, which was improved by 21.12% ± 19.20% at the latest follow-up (p < 0.0001; Fig. 6 and Table 9 ). An MCID, defined as an improvement in the ODI by ≥ 12 points, 7, 19, 22 was achieved in 72.8% of the patients.
The preoperative average VAS scores for back, buttock, and leg pain were 7 ± 2.89, 6.1 ± 3.54, and 6.4 ± 3.29 points, respectively; at the last follow-up they had improved by 3.76 ± 3.95, 3.61 ± 4.02, and 3.76 ± 4.10 points, respectively (p < 0.0001 for all 3 parameters; Fig. 6 and Table 9 ). An MCID, defined as improvement in the VAS score by ≥ 3 points, 17, 18, 22 was found in 67.1% of patients for back pain, in 57.1% for buttock pain, and in 61.4% for leg pain.
Statistical tests showed no correlations between the amount of improvement in the VAS scores and the extent of increase in the foraminal and disc height at the latest follow-up.
According to the Macnab criteria, 35 which provided subjective functional outcome assessment, 84.8% of 46 patients had an excellent (54.3%), good (19.6%), or fair (10.9%) outcome.
Surgeries were generally well tolerated, and there were no intraoperative complications, no cases of femoral nerve paralysis, bowel injury, or abdominal flank bulge. Nonneurological inpatient complications included one case of myocardial infarction and one case of adynamic ileus. Two patients (2.2%) suffered from new postoperative lower-extremity weakness and decreased sensation on the 2nd day after surgery. In one patient, emergent imaging revealed a small bone fragment in the right L2-3 foramen. The patient was taken back to the operating room emergently, the bony fragment was removed, and nerve root decompression was performed. Thereafter, the patient clinically improved. In the second patient, the weakness did not improve in the short term, although it had completely resolved at the 3-year follow-up. Four patients (4.4%) experienced postoperative thigh numbness, which resolved by 3 months (range 1.5-3 months) after surgery in all cases. Reoperation was performed in 12 patients for nonunion (8 patients), adjacent-level disease (3 patients), and postlaminectomy syndrome and radiculopathy (1 patient). Statistical tests were performed to find out if any specific parameters in the nonunion cases were different from the rest of the study group. No significant differences were found between these two groups in terms of age, sex, history of smoking, diabetes, steroid medication use, history of previous surgery, number of surgical levels, presence or absence of instrumentation, preoperative coronal deformity, preoperative ODI, and preoperative VAS back, buttock, and leg pain scores.
Discussion
The extreme lateral approach for interbody fusion was introduced to treat various pathologies of the thoracolumbar spine. 1, 3, 4, 8, 13, 14, 24, 26, 34, 36, 40, 42, 44, 50, 55 Like many other minimally invasive techniques, ELIF has been associated with less blood loss, shorter hospitalizations, and earlier mobilization of patients than similar open surgery. 3, 4, 8, 13, 14, 34, 39, 44, 47 The particular advantages of ELIF can be attributed to its power in decompressing neural elements and restoring disc height without violating the stabilizing structures of the spine. The procedure reintroduced the concept of indirect decompression of the spinal canal, which had been described in ALIF surgery. 23 Similar results were reported for ELIF with a significant increase in dural sac dimensions, possibly due to stretching and unbuckling of the spinal ligaments and to a decrease in intervertebral disc bulging. 15 The extreme lateral approach to the lumbar spine allows the placement of larger interbody cages than those possible with transforaminal lumbar interbody fusion (TLIF) and, unlike ALIF, avoids the need to retract great vessels. Our data showed that ELIF can partially restore many of the radiological parameters and that corrections are durable at the midterm follow-up.
Comparison of Our Results With Previously Published Findings
Oswestry Disability Index results in our study corroborated and were comparable to findings in previous studies with relatively similar follow-up durations. Our data showed that on average there was 21% improvement in the ODI 18 months after surgery. 1, 4, 13, 15, 29, 30, 32 Visual analog scale scores were also comparable with previously published data on ELIF outcome. With our clinical follow-up of 18 months, the average improvements in back, buttock, and leg VAS scores were 3.8, 3.6, and 3.6, respectively. 1, 4, 13, 15, 29, 32, 54 It seems that the smaller decrease in ODI and VAS scores, as compared with those in other studies, 44 may be due to the patient population (Table 10) ; almost one-third of our patients had undergone previous spinal surgery, and many patients underwent multilevel front and/or back procedures for relatively severe pathology.
We observed an 83% increase in the intervertebral disc space and a 26% increase in foraminal height on the immediate postoperative imaging, which compare favorably to data previously published by Oliveira et al. (41.9% and 13.5%, respectively; Table 11 ). 39 Kepler and colleagues measured preoperative and postoperative foraminal area in 29 ELIF patients at an average follow-up of 4 (9 patients) and 18 months (20 patients). 30 They observed a 35% increase in the foraminal area. It is important to note that they found no significant differences in foraminal area improvement between the 4-and 18-month follow-up groups, suggesting that the radiographic improvement in ELIF was durable. This finding corroborates our results, which showed significant improvement in disc and foraminal height on both the immediate postoperative and the latest follow-up imaging.
Interestingly, we did not see a difference in radiological outcome between stand-alone cases and patients with additional lateral or posterior fixation. This result may be attributable to the small number of stand-alone cases and is currently being studied further. The amount of subsidence in stand-alone and instrumented cases was 11.6% and 11.4%, respectively, at the latest follow-up. Our findings were comparable to but slightly lower than the values found in Pimenta et al.'s prospective study on stand-alone ELIF cases. 43 They reported 17% subsidence after 36 months. The higher subsidence rate in their study may be partially attributed to their longer follow-up. In general, the results on disc height in our study agreed with those in similar previous studies (Table 11) . 1, 4, 30, 32, 39, 54, 57 In our study we found no correlations between foraminal height and disc height subsidence and the development of recurrent radicular pain. Despite a partial loss in foraminal and disc height, in general patients were doing well clinically, suggesting that subsidence does not necessarily lead to recurrent radicular pain. However, one must keep in mind that symptoms may start if the extent of subsidence exceeds a certain threshold.
Results in the current study are consistent with those of Acosta et al., who found that ELIF was associated with significant improvement in segmental, regional, and global coronal plane alignment in patients with degenerative lumbar disease.
1 Their study showed a mean global coronal alignment of 19.1° preoperatively and 12.5° on immediate postoperative imaging (p < 0.05). The improvement in coronal plane alignment was less than but comparable to that in our study, with preoperative and postoperative coronal alignments of 23.8° and 10.3°, respectively (p < Prior studies on scoliotic patients with coronal deformity as their main indication for surgery revealed ELIF as an efficacious procedure for achieving coronal alignment.
3,4,54 In Anand et al.'s study, the coronal Cobb angle was corrected from the preoperative value of 22° to 7° postoperatively. 4 Tormenti et al. showed preoperative and postoperative Cobb angles of 38.5° and 10°, respectively. 54 The improvements in these reports are higher than that in the current study, probably because we did not limit our patients to only those with scoliosis. Our findings were more comparable with those of Kotwal et al., who showed 11.2° of coronal alignment correction at the latest follow-up. 32 Although Kotwal and colleagues had a slightly larger study group than ours, their radiological results were somewhat limited given that only radiographs were used for evaluation and that the patients did not have follow-up CT scans. Nonetheless, the subanalysis of scoliotic patients in our study showed that, although the PI-LL mismatch was slightly corrected immediately after surgery, the amount of correction was not statistically significant. The difference was also insignificant at the latest follow-up. In sum, it seems that although ELIF can partially improve lumbar lordosis both immediately after surgery and at the latest follow-up, no overall PI-LL mismatch improvement is achieved by this procedure specifically in a subset of scoliotic patients.
In summary, ELIF appears to provide appropriate anterior column support and allows for correction of coronal and, to a lesser degree, sagittal alignment (Table 6) . Data in the current study indicated that ELIF is associated with a significant increase in foraminal height and disc height, both postoperatively and at the latest followup, showing minimal subsidence. 
Complications of ELIF
Several recent studies have focused on early and late complications associated with ELIF. 5, 6, 20, 21, 27, 41 Iliopsoas muscle weakness and femoral nerve injury are wellknown complications of ELIF, and L4-5 carries a higher risk of nerve injury than upper thoracolumbar levels. The incidence of motor nerve deficit in our study was 2.2%, similar to results from Cahill et al. (1.7%) . 10 Ahmadian et al. 2 performed a systematic review on the complications of ELIF. They found the rate of motor weakness ranged from 0.7% to 33.6%. Most studies report higher rates of motor nerve deficit than that in the current study. 3, 4, 12, 13, 24, 27, 31, 38, 44, 49, 53, 54, 56 Nevertheless, the deficits tend to be transient, and the rate of permanent nerve injury is low. Other early complications of ELIF include sensory deficits, particularly thigh numbness, and studies have reported a wide range of rates (0%-75%) for these complications. 2 In the current series, the rate of new thigh numbness after surgery was 4.4%. The sensory symptoms resolved in all patients within 3 months. Our diligent attention to the relation between lumbar plexus and the iliopsoas muscles resulted in a lower rate of neurological complications. We attribute the relatively low complication rates in our study to the fact that both surgeons had already had significant experience with the procedure by the time data for this trial were collected, and that only the development of new thigh numbness and motor weakness were recorded as complications. If patients had similar signs and symptoms prior to surgery, those were not recorded as complications of the procedure. Complications in the current study were comparable to those in a large study performed by Pumberger et al. in 2012 in 235 ELIF patients. 45 The prevalence of sensory deficits, psoas muscle mechanical deficits, and lumbar plexus-related deficits were 1.6%, 1.6%, and 2.9%, respectively.
The most significant limitation of the current study lies in the fact that it was performed retrospectively. Computed tomography scans were not available for the entire study group at the latest follow-up.
Conclusions
To our knowledge, this study provides what is to date the most comprehensive set of radiological and clinical outcomes of ELIF in a fairly large study group at a midterm follow-up. We provided comparisons of radiological results from an entire database at 3 time points, assessing the durability of radiological improvement. Extreme lateral interbody fusion allows partial restoration of intervertebral disc and foraminal height and improves coronal and sagittal alignment of the spine. Our radiographic follow-up data demonstrate that ELIF constructs are durable and allow good functional outcome at a midterm follow-up.
